Abstract Aims/hypothesis: Post-prandial glucose may be a risk factor for cardiovascular disease and chronic diabetic complications. We tested the hypothesis that post-prandial hyperglycaemia is common in type 2 diabetes, even among patients in apparently good glycaemic control, and that simple clinical characteristics identify subsets of diabetic patients with frequent post-prandial hyperglycaemia. Subjects and methods: Three self-assessed daily blood glucose profiles over a 1-week period, including 18 glucose readings before and 2 h after meals, were obtained from 3,284 unselected outpatients (men 51%; age 63±10 years) with non-insulin-treated type 2 diabetes mellitus attending 500 different diabetes clinics operating throughout Italy. Results: A post-prandial blood glucose value >8.89 mmol/l (160 mg/dl) was recorded at least once in 84% of patients, and 81% of patients had at least one Δglucose ≥2.22 mmol/l (40 mg/dl). Among patients with apparently good metabolic control, 38% had >40% of post-prandial blood glucose readings >8.89 mmol/l (≥4 of 9 meals in total), and 36% had >40% Δglucose ≥2.22 mmol/l. In multivariate analysis adjusted for pre-prandial glucose levels, older age, longer duration of diabetes, absence of obesity, hyperlipidaemia and hypertension, as well as treatment with sulfonylureas, were significantly associated with greater glucose excursions after meals. Conclusions/interpretation: These results indicate that post-prandial hyperglycaemia is a very frequent phenomenon in patients with type 2 diabetes mellitus on active treatment; can occur even when metabolic control is apparently good; and can be predicted by simple clinical features.
Introduction
Over the last few years the concept has emerged that poorly controlled post-prandial glucose significantly contributes to high HbA 1c concentrations and to the development of chronic diabetic complications, particularly cardiovascular disease (CVD) [1] [2] [3] [4] . The adverse impact of post-prandial or post-challenge (OGTT) hyperglycaemia seems to be even stronger than that of fasting hyperglycaemia [5] [6] [7] [8] [9] . Nevertheless, the current consensus of the American Diabetes Association (ADA) is that post-prandial glucose should not necessarily be systematically monitored, and that post-prandial glucose peaks should not necessarily be targeted and corrected [10] , although, if monitored, the recommended goal for post-prandial glucose is <10.0 mmol/l (180 mg/dl) [11] . Conversely, the guidelines of the Diabetes European Policy Group, under the auspices of the International Diabetes Federation (IDF), have recommended monitoring and controlling post-prandial hyperglycaemia, with a goal of <8.89 mmo/l (160 mg/dl) [12] .
As far as we know, only in two small series of subjects with type 2 diabetes have data on circadian glucose levels been collected, and the results were partially conflicting [13] [14] [15] [16] . As a consequence, our knowledge of the frequency and distribution of this metabolic abnormality is poorly defined. We conducted the present study in a very large sample of type 2 diabetic patients to test the hypothesis that post-prandial hyperglycaemia is common, even among patients apparently well-controlled by HbA 1c , and to identify clinical predictors of unacceptably elevated post-prandial glycaemia.
Subjects and methods
Subjects Consecutive patients with type 2 diabetes were recruited among outpatients regularly attending 500 Diabetes Clinics operating throughout Italy. Each clinic recruited at least ten patients. Exclusion criteria were as follows: (1) age <40 years; (2) current insulin treatment (because insulin absorption is variable and insulin dose is frequently changed by patients); (3) changes in treatment with oral antidiabetic agents in the last 3 months; (4) acute illness in the last 3 months; and (5) major comorbidity (e.g. malignancies, heat failure, liver or kidney failure). Information on diet and physical activity were collected by a structured interview and they had to be stable in the 3 months prior to the recruitment and throughout the study period. As for the standard guidelines, patients were on a diet providing about 55% of energy from carbohydrates, about 30% from lipids and about 15% from proteins. In general, the distribution of energy in the three main meals was ∼25% breakfast, ∼37.5% lunch and ∼37.5% dinner, and energy supply aimed at reducing body weight if excessive, or at maintaining body weight if satisfactory. All patients had been instructed on diet and on the glycaemic index of foods by a dietitian at each Diabetes Clinic at least 3 months prior to study. The diet was recommended to be followed every day of the study including those during which patients self-assessed blood glucose. Of course, the quality of food could be different in the various regions of Italy, but the structure of diet in terms of composition, number of meals and energy supply was very similar. There was no reason to think that adherence to diet and physical activity was different across centres. Furthermore, the very large number of subjects is expected to minimise possible variations. On the other hand, the great number of centres from all the regions produced a very representative sample.
Informed consent was obtained from every participant and the study was approved by the local ethics committee. Patients (who were not paid volunteers) had to be willing to perform home blood glucose monitoring and to be reliable in making this self-assessment. A total of 6,009 patients agreed to participate in the study and provided at least one home blood glucose assessment. Many of them provided several glucose readings. However, the present report focuses on the 3,284 subjects who provided complete home blood glucose assessments. Subjects providing complete glucose profiles had similar pre-and post-prandial glucose levels, and glucose changes after meals compared with those who provided incomplete data. We focused on subjects with complete data in order to have all statistical analyses carried out on the same sample of subjects.
Clinical and laboratory data On the day of recruitment patients came to the clinics at 07.00-08.30 h after an overnight fast and had a venous blood sample taken from an antecubital vein for the laboratory assessment of fasting plasma glucose, plasma lipids (total and HDL-cholesterol and triglycerides) and HbA 1c . Venous blood was centrifuged within 1 h after sampling and plasma used for the immediate assessment of glucose concentration (glucose oxidase method), plasma lipids (standard spectrophotometric methods) and HbA 1c (HPLC; reference range in non-diabetic subjects 3.5-5.5%; DCCT standardised). Laboratory assessment was not centralised. However, all laboratories participated in quality control procedures for HbA 1c and lipid assays. Dyslipidaemia was diagnosed when triglycerides were >1.70 mmol/l (150 mg/dl) and/or HDL-cholesterol was <1.28 mmol/l (50 mg/dl) in women or 1.02 mmol/l (40 mg/dl) in men and/or lipid-lowering drugs were used. Weight, height and blood pressure were assessed with standard clinical techniques. Overweight was defined by a BMI in the range 25-29.9 kg/m 2 , and obesity as a BMI ≥30 kg/m 2 . Blood pressure was measured with a mercury manometer, on the right arm, after 5 min of rest in the sitting position. Hypertension was diagnosed when systolic blood pressure was ≥130 mmHg and/or diastolic blood pressure was ≥85 mmHg and/or antihypertensive medications were used.
All subjects were given the same model of glucose meter (Euroflash; Life Scan, Milpitas, CA, USA) and were instructed about its use. They were then asked to measure blood glucose at home just before and about 2 h after the beginning of breakfast, lunch and dinner on 3 days over the period of 1 week, after a period of 1-2 weeks of familiarisation with glucose self-assessment with such a device.
Assessment of glucose control Overall glucose control was considered satisfactory when HbA 1c was <7% [11, 12] . Following the guidelines for diabetes care of the European Diabetes Policy Group [12] , an absolute post-prandial blood glucose level >8.89 mmol/l (160 mg/dl) was considered unsatisfactory. These guidelines are consistent with the current ADA recommendations as a glucose concentration of 8.89 mmol/l in whole blood approximates 10 mmol/l in the plasma. For the purposes of this analysis we defined an absolute increase in blood glucose level following the meal of ≥2.22 mmol/l (40 mg/dl), and a relative increase ≥25% as exaggerated [13] . A value of ≥2.22 mmol/l corresponds to the difference between the upper limit of blood glucose targets in the pre-prandial state (6.66 mmol/l) and in the post-prandial state (8.89 mmol/l), and is the magnitude of post-challenge glycaemic excursions independently associated with increased risk of CVD events [17] .
Statistical analysis Standard procedures were used to calculate means, SDs, medians and linear correlation coefficients. We used mixed-effects ANOVA models accounting for repeated measures within subjects to predict levels of post-prandial glucose, Δglucose or Δ% glucose, or proportions with post-prandial glucose >8.89 mmol/l, Δglucose ≥2.22 mmol/l or Δ% glucose ≥25. Variables predicting post-prandial glucose levels were pre-prandial glucose (≤6.66, 6.67-8.89, 8.90-11.1, >11.1 mmol/l, corresponding to ≤120, 121-160, 161-200, >200 mg/dl), sex, age (≤50, 51-60, 61-70, >70 years), time since diagnosis (≤3, 4-6, 7-12, >12 years), BMI (normal, overweight, obesity), hypertension (no, yes), dyslipidaemia (no, yes) and diabetes treatment (sulfonylureas alone, metformin alone, both drugs, other combination, only diet). We used SPSS software, and considered a p value <0.05 to be statistically significant.
Results
Study subjects providing complete glucose profiles had similar demographic and clinical features compared with subjects not providing complete glucose profiles (Table 1) . Among subjects providing complete glucose profiles, those with HbA 1c <7 and ≥7% had quite similar clinical features. Only time since diagnosis, smoking, fasting plasma glucose and treatment were different.
Mean blood glucose levels before and following the three main meals and mean changes (absolute, relative) in blood glucose after meals among 3,284 patients providing complete profiles are reported in Table 2 . Pre-meal blood glucose levels were, on average, quite similar and the Δglucose and Δ% glucose increases with lunch and dinner were virtually identical. A lower increase in blood glucose was observed following breakfast than following lunch or dinner. Higher levels of blood glucose and higher Δglucose following the meals were observed in patients with HbA 1c ≥7% compared with those with HbA 1c <7%. However, the Δ% glucose following lunch and dinner were slightly lower in subjects with poorer control than in those with better control. Subjects with poorer control had average pre-prandial, post-prandial and Δglucose higher than subjects with better control. However, the former and the latter had no significantly different average Δ% glucose following meals. When we examined how frequently high glucose peaks and exaggerated glucose excursions with meals occurred, we found that both events were very common in subjects with both better control (HbA 1c <7%) and poorer control (HbA 1c ≥7%) ( Table 3 ). Among subjects with apparently good control, only 28.3% never recorded a post-prandial glucose >8.89 mmol/l, only 22.3% never had a Δglucose ≥2.22 mmol/l and only 11.5% never had a relative increase of blood glucose ≥25% after meal. We also assessed rates of hypoglycaemia (defined as a glucose level <3.88 mmol/l [70 mg/dl] on any of the six daily glucose assessments) according to the degree of diabetes control. Absolute rates of hypoglycaemia were very low, but were statistically higher (p<0.0001) in patients with HbA 1c <7% (0.88% of 23,094 glucose tests [1,283 patients×18 tests]) compared with patients with HbA 1c ≥7% (0.50% of 36,018 glucose tests).
High correlations were found between pre-and postprandial glucose levels, with r values about 0.60-0.70. Accordingly, when subjects were grouped according to mean pre-prandial glucose, we found that mean postprandial glucose increased across groups. However, absolute and relative changes in blood glucose after a meal were negatively correlated with pre-prandial glucose levels, with r values in the range 0.20-0.50. All these negative correlations were highly significant (p<0.001). Accordingly, Δglucose and, to a greater extent, Δ% glucose significantly decreased across groups of pre-prandial glucose levels (Table 4) . Among subjects with a satisfactory mean pre-prandial glucose (≤6.66 mmol/l; n=1,057), 32% had a mean Δglucose ≥2.22 mmol/l and 59% had a mean Δ% glucose >25. On the other hand, among subjects with a very poor mean pre-prandial glucose (>11.1 mmol/l; n=163), 67% had a mean Δglucose <2.22 mmol/l, and 80% had a mean Δ% glucose <25.
In the whole sample, pre-prandial and, to a lesser extent, post-prandial glucose levels were significantly correlated to HbA 1c . In multivariate analysis, pre-prandial glucose was more strongly associated with HbA 1c than post-prandial F statistics and corresponding p value of the considered effect are reported from models also adjusted for pre-prandial glucose levels COMB Combinations of oral antidiabetic agents, LS mean least square mean predicted from the model, MET metformin, SU sulfonylureas
We examined the frequency of the different glycaemic phenotypes. Subjects were categorised in six groups according to a good, fair or poor mean glucose level in the pre-prandial state (≤6.66, 6.67-8.89, ≥8.90 mmol/l) and a satisfactory or exaggerated mean absolute glucose excursion after meals (<2.22 or ≥2.22 mmol/l). The most common phenotype was fair pre-prandial with satisfactory post-prandial excursion (n=1,120, 34%), followed by good pre-prandial and satisfactory post-prandial excursion (n=718, 22%), and the least common phenotype was poor pre-prandial and exaggerated post-prandial (n=203, 6%). Among subjects with poor pre-prandial glucose levels (n=684), those with satisfactory post-prandial excursions were twofold more common than those with exaggerated post-prandial excursions (481 vs 203). Among subjects with good pre-prandial glucose levels (n=1,062), about one-third (n=344) had exaggerated post-prandial glucose excursions after meal. The same held true for subjects with fair pre-prandial glucose levels (n=1,538) of whom about one-third (n=418) had exaggerated glucose excursions with meals.
Mean post-prandial glucose but not Δglucose or Δ% glucose was significantly higher in women than in men (9.4±2.22 vs 9.3±2.11 mmol/l, p=0.01). Age was positively correlated with mean post-prandial glucose (r=0.089, p<0.0001), Δglucose (r=0.064, p=0.0003) and Δ% glucose (r=0.048, p=0.005). Duration of diabetes was positively correlated with average post-prandial glucose (r=0.190, p<0.0001), Δglucose (r=0.108, p<0.0001) and Δ% glucose (r=0.064, p=0.0003). BMI was negatively correlated with mean Δglucose (r=−0.073, p<0.0001) and Δ% glucose (r=−0.098, p<0.0001).
Subjects were also grouped according to diabetes treatment (diet only, sulfonylureas alone, metformin alone, both drugs, other combinations). We observed that mean post-prandial glucose, Δglucose and Δ% glucose were significantly different in these groups. In particular, after adjusting for sex, age, duration of diabetes and preprandial glucose, subjects treated with sulfonylureas alone or in combination with biguanide had mean post-prandial glucose (p<0.0001), average Δglucose (p=0.0005) and mean Δ% glucose (p=0.008) higher than those observed in subjects treated with diet only or with metformin alone.
Simple clinical characteristics may be useful to identify subsets of patients likely to have exaggerated post-meal glucose response. In mixed-effects ANOVA models adjusted for pre-prandial glucose level, older age, longer duration of diabetes, normal body weight, absence of hypertension, absence of dyslipidaemia, and treatment with sulfonylureas alone or in combination were independently associated with higher post-prandial glucose (Table 5 ). In general these factors were also predictors of higher Δglucose and Δ% glucose. Clinical predictors of postmeal hyperglycaemia were essentially identical when postprandial glucose >8.89 mmol/l, Δglucose ≥2.22 mmol/l and Δ% glucose ≥25 were modelled as outcome variables.
Discussion
Post-prandial hyperglycaemia may be a key metabolic disturbance contributing to the chronic complications of type 2 diabetes [1] [2] [3] [4] . Despite the potential importance of post-prandial hyperglycaemia, its prevalence and correlates are incompletely understood. We examined the epidemiology of post-prandial hyperglycaemia in a very large, representative sample of non-insulin-treated type 2 diabetic patients and found that post-prandial hyperglycaemia and post-prandial glucose peaks were very common. The vast majority of patients recorded blood glucose exceeding the ADA and IDF thresholds for unacceptable hyperglycaemia (≥8.89 mmol/l) following a meal, and 40% of them had several exaggerated glucose excursions (Δglucose ≥2.22 mmol/l) in the post-prandial period. These values are consistent with data on post-OGTT hyperglycaemia collected in diabetic patients from NHANES [18] , and underscore a deleterious metabolic abnormality that occurs commonly in everyday life and in a more typical physiological setting than an OGTT.
Importantly, post-prandial hyperglycaemia and postprandial peaks were common even in subjects with an apparently good metabolic control (HbA 1c <7%) and in subjects with average pre-prandial glucose levels within recommended goals (≤6.66 mmol/l; ≤120 mg/dl). Exaggerated post-prandial glucose excursions were less common in subjects with higher pre-prandial glucose levels than in those with lower glucose concentrations before the meals. Consistent with this result is the finding of an inverse correlation between pre-prandial glucose levels and absolute or relative glucose change after meals. These findings clearly document that the usual methods to assess glycaemic control are poorly informative of the capability of the single individual to control glucose excursions after meals, and neither HbA 1c nor pre-prandial glucose measurement can reliably be expected to identify patients with acceptable post-prandial glucose levels or excursions. The logical conclusion is that for optimal glucose control to prevent diabetic complications, assessment of metabolic control cannot rely solely on periodical HbA 1c measurements and that blood glucose self-monitoring cannot be limited to pre-prandial glucose readings. Our data suggest that the common habit of self-assessment of glycaemia at home only before meals [19] may need to be reconsidered and self-assessment of blood glucose after meals be added to routine self-monitored blood glucose policies. This approach meets guidelines of the IDF [12] and is consistent with current recommendations of the ADA [11] .
We chose our definitions for post-prandial hyperglycaemia on the basis of treatment guidelines issued by the IDF and ADA. These guidelines indicate arbitrary thresholds of post-prandial hyperglycaemia. It is possible that lesser degrees of post-prandial hyperglycaemia (defined using a cut-off point <8.89 mmol/l) contribute to diabetes complications, although no data are available [10] . It is also possible that with the use of novel markers of post-meal glucose levels, such as depressed 1,5-anhydroglucitol levels [20] , the prevalence of clinically significant postprandial hyperglycaemia might be different. In addition, we based our definition of a deleterious post-prandial excursion (≥2.22 mmol/l) on risk associated with post-OGTT glucose levels [9] . Because post-meal and post-OGTT glucose excursions may be very different, depending on the constituents of the meal, it is possible that post-meal excursions may confer different risks from those of post-OGTT excursions, and that use of ≥2.22 mmol/l to define a deleterious post-prandial glucose excursion may either over-or underestimate the actual risk of complications. Interestingly, however, post-OGTT and post-meal glucose levels seems to be strongly correlated [21] .
We also found that the contribution of pre-and postprandial glucose to HbA 1c was a function of prevailing HbA 1c levels. When HbA 1c was low, the main contribution came from post-prandial glucose, whereas when HbA 1c was high, the main contribution came from pre-prandial glucose. This is consistent with data from Monnier et al. [16] .
Data from many studies support the view that postprandial glucose peaks appear to play a major role in the pathogenesis of chronic diabetic complications. In particular, complications related to accelerated atherosclerosis seem to be related to post-prandial peaks more strongly than to fasting glucose. This conclusion is based upon observational studies focusing on clinical CVD in diabetic patients who had an assessment of post-prandial glucose [5] [6] [7] as well as on data from large general population samples undergoing an OGTT [8, 9] . In addition, while intervention trials targeting fasting glucose and/or HbA 1c exclusively have had at best a marginal effect on CVD in type 2 diabetes [22] [23] [24] , trials specifically targeting postprandial glucose appear to have been more effective and add further support to the hypothesis that post-prandial hyperglycaemia is a key contributor to diabetes complications [25, 26] . For instance, a post hoc analysis of an intervention trial using acarbose (which targets postprandial hyperglycaemia) showed a 49% reduction in cardiovascular events in subjects with IGT [27] . More recently it has been reported that specifically controlling post-prandial hyperglycaemia using a rapid-acting secretagogue (repaglinide) compared with glyburide resulted in a similar improvement of HbA 1c but was associated with a regression of carotid artery atherosclerosis [28] . In addition to these data, other clinical and experimental studies suggest that post-challenge hyperglycaemia or acute elevation of plasma glucose is deleterious for diverse functions related to atherogenesis [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Thus, the bulk of epidemiological, clinical and experimental evidence strongly suggests that efforts to monitor and control the common phenomenon of post-prandial hyperglycaemia should have uniquely beneficial effects on the chronic complications of type 2 diabetes.
Older age, longer duration of diabetes, absence of obesity, hypertension and dyslipidaemia are clinical features related to exaggerated post-prandial glucose peaks. These clinical features might be used to identify patients more likely to have post-prandial peaks and to need a careful post-prandial glucose assessment. Related to this observation we found that patients treated with sulfonylureas had greater post-prandial blood glucose excursions than subjects not taking these medications, suggesting that sulfonylureas are not able to prevent postprandial glucose peaks. Patients taking sulfonylureas who have poor glycaemic control thus might benefit from therapy with glinides and short-acting insulin analogues to control post-prandial hyperglycaemia [40] [41] [42] [43] [44] [45] [46] .
In recent studies carried out in a smaller number of subjects, Monnier and coworkers [15] observed that prelunch glucose concentration was higher than pre-breakfast and post-lunch glucose levels. We were not able to confirm this finding. On the contrary, we observed that glucose levels before the three meals were essentially identical. This means that, on average, non-insulin-treated type 2 patients are able to return to pre-meal glucose concentrations before the next meal, without a substantially progressive increase in blood glucose throughout the day despite additional meals. A corollary is that in most type 2 diabetic patients the treatment should specifically target early morning pre-breakfast hyperglycaemia on the one hand and post-prandial glucose peaks on the other hand. As a consequence, detailed glycaemic phenotyping of individual patients with careful home blood glucose monitoring is probably warranted to optimise glycaemic control. Assessment of post-prandial glycaemic excursions may be particularly helpful when the therapeutic plan is being reevaluated to improve inadequate glycaemic control. Relatively simple schedules of home blood glucose monitoring can be prescribed on the basis of the individual clinical situation.
In conclusion, data from this large, representative sample of type 2 diabetes patients receiving routine care in diabetes clinics demonstrate that post-prandial hyperglycaemia is a very common phenomenon. Post-prandial hyperglycaemia occurs even when glycaemic control is apparently good according to HbA 1c or fasting plasma glucose levels. Post-prandial hyperglycaemia can be predicted by simple clinical features, thus permitting identification of patients most likely to need a more complete glycaemic phenotyping. The assessment of postprandial glucose levels and the evaluation of post-meal glucose excursions can establish the glycaemic phenotype and help to tailor the most appropriate treatment for individual patients, and is likely to contribute to improved glycaemic control for prevention of the devastating chronic complications of type 2 diabetes.
